Abstract This work examined the trend in Bembryo wastager ates after ART in USA and its relationship to the number of embryos transferred, live born infants delivered across patient age, and the yearly percentage of embryos wasted. The data were obtained from the US-clinics SART databank for the years 2004-2013. A total of 1,808,082 non-donor embryos were transferred in 748,394 fresh cycles resulting in 358,214 liveborn. During the years of analysis, the mean number of embryos transferred has progressively decreased leading to an overall significant decrease in Embryo Wastage rates (83.2 to 76.5%, p < 0.001) while the percentage of transfers leading to a live born increased (24.8 to 27.8%, p = 0.002). Embryo Wastage negatively correlated with percentage of transfers resulting in live birth (p = 0.001), and the average number of embryos transferred positively correlated with the percentage of embryos wasted (p < 0.001). The overwhelming majority of embryos transferred still do not result into a live birth confirming that only few embryos per ART cycle are competent. The overall BEmbryo Wastage^rates have consistently decreased from a high of 90% in 1995 to a rate of 76.5% in 2013. Transferring fewer embryos particularly at the blastocyst-stage and improved methods of embryo selection may further decrease BEmbryo Wastage^rates.
Introduction
The use of assisted reproductive technology (ART) procedures to treat infertile couples has significantly increased in the USA since its inception in the late 1970s. According to the Society for Assisted Reproductive Technology (SART), a total of 87,089 fresh, non-donor, in vitro fertilization (IVF) cycles were performed in 2013 and it is projected that IVF utilization rates will continue to climb [1] .
Despite significant advancements in the field, the process of human reproduction remains inefficient with many unanswered biological questions [2, 3] . Previous work analyzed the number of embryos transferred compared to the number of live births and showed that the majority of embryos produced during IVF cycles (about 85%) and chosen for transfer fail to result in a live born infant [4] . One of the critical challenges in the field remains our ability to identify competent embryos that are capable of becoming a liveborn infant. Several strategies have been implemented thus far to assist embryologists and clinicians in choosing the best embryos for transfer and for improving pregnancy rates per transfer. Morphologic criteria to grade embryos correlate poorly with pregnancy and live birth rates and fail to identify chromosomally normal embryos [5] [6] [7] . The utilization of time-lapse embryo growth monitoring systems has also gained popularity, but data convincingly demonstrating improved outcomes as a result of this technology is still lacking [8] [9] [10] [11] [12] [13] [14] .
Recent improvements in pre-implantation genetic screening (PGS) techniques for identifying normal euploid embryos have been associated with higher pregnancy and delivery rates when analyzed per transfer [15] [16] [17] ; however, several barriers to its widespread use still exist, including cost and particularly the lack of unequivocal evidence that its use improves pregnancy and live birth rates, particularly for patients with few embryos available for testing, due to the presence of high rates of mosaicism in the trophoblast cells [18] [19] [20] [21] [22] [23] . Other studies have reported on the use of proteomics and metabolomics to identify factors in embryo culture media that may be predictive of embryo competence or assessing gene expression in cumulus cells; however, even these methods are still inefficient and not ready yet for clinical application [24] [25] [26] [27] .
Therefore, despite better embryo culture conditions encouraging embryo transfers at the blastocyst-stage, there is still lack of an ideal method for identifying competent embryos and thus the practice continues in transferring more than a single embryo, hoping that at least one will ultimately implant. The American Society of Reproductive Medicine (ASRM) recommends the transfer of a single embryo (blastocyst) in women younger than 35 years of age with a favorable prognosis [28, 29] . However, despite the fact that the use of elective single embryo transfer in this good prognosis patient group has increased over the years, it still remains relatively low. In the USA (as of 2013), single embryo transfer was in fact performed in only 10.5% of all fresh ART cycles, which is increased from a rate of 0.4% in 2004 [30] . Women continue to be aggressively stimulated with high doses of gonadotropins with the goal of retrieving multiple oocytes to increase the number of embryos available for transfer. This approach, however, is associated with a number of risks including ovarian hyperstimulation syndrome and increased cost due to the high doses of medications used. Furthermore, the practice of transferring more embryos carries the risk of multiple gestations, which is associated with increased maternal and perinatal morbidity and mortality [30] [31] [32] [33] .
A common paradox is that despite the practice of producing multiple embryos the overwhelming majority of embryos transferred do not implant or do not result in a live birth and are thus Bwasted.^The goal of this paper is to examine whether BEmbryo Wastage^rates have changed in the past decade since we last reported on embryo attrition rates and to clarify its relationship to the number of embryos transferred, live born infants delivered, and patient age [4] . The aim of this study was to continue examining the trend in number of embryos transferred and the overall and age-specific wastage rates and live born infants between 2004 and 2013.
Materials and methods
This is a retrospective study utilizing information published in the Society for Assisted Reproductive Technology (SART) and the Centers for Disease Control (CDC) and Prevention databases regarding utilization and success rates of ART procedures each year in the USA [1] . These databases were reviewed from 2004 through 2013 and the following data were collected for each year: total number of fresh non-donor IVF cycles, number of transfers performed, mean number of embryos transferred per procedure, number of liveborn infants, and percentage of transfers resulting in a live birth. Only cycles utilizing fresh non-donor eggs and fresh embryos were included in the data analysis. To determine the total number of embryos transferred, the mean number of embryos transferred per procedure was multiplied by the number of transfers performed. For the summary data that included information for all age groups between 2004 and 2013, the total number of embryos transferred was calculated by adding the number of embryos transferred each year in all the age groups. To best estimate the mean number of embryos transferred for all patients in all age groups, the total number of embryos transferred was divided by the total number of transfers performed. Embryo Wastage rate or the percentage of embryos that did not lead to a liveborn infant for each year was then calculated using the following formula: 100-(number of liveborn infants/ number of embryos transferred × 100) as previously reported [4] . 
Results
In the USA, between 2004 and 2013, the total number of transfers in fresh non-donor cycles was 748,394, the total number of embryos replaced was 1,808,082, and the total number of live born infants was 358,214, for an overall (across all ages and across the 10 years) BEmbryo Wastage^rate of 80.2% (Table 1 (Fig. 1 , p < 0.001). Examining the trend in mean number of embryos transferred over the last 20 years, the reduction in the mean number of embryos transferred is even more striking since in 1995 it was 3.9 [4] . The number of transfers resulting in a live birth has increased each year across all age groups (Fig. 2 , p = 0.002). The increase was statistically significant in all age groups with the exception of the group of women age greater than 42. In 2004, the overall Embryo Wastage rate, meaning the number of embryos that did not lead to a live birth, was 83%, which decreased to 76.5% in 2013 and this trend was statistically significant (Fig. 3 , p < 0.001). This represents a continued improvement since in 1995 about 91% of the embryos transferred did not produce a live birth [4] .
When age groups, as reported in SART, were analyzed individually (Tables 2, 3 , 4, and 5), BEmbryo Wastage^rates decreased (p < 0.05) across all age groups and it was more pronounced in the younger women, particularly for the group of women under the age of 35. In fact, for the under 35 group, Bembryos wastage^decreased from 76.1% in 2004 to 65.2% in 2013 (p < 0.001).
In the group of women over the age of 42 (Table 6 ), the BEmbryo Wastage^rate only marginally decreased and remained relatively high from 2004 to 2013 (98.0 to 97.2%, respectively, p < 0.05); in this age group, there was also the smallest, albeit still significant (p < 0.001), change in the mean number of embryos transferred (3.3 in 2004 to 2.8 in 2013). However, the correlation between average number of embryos transferred and BEmbryo Wastage^disappears in women over the age of 42.
Data analysis further showed that the average number of embryos transferred per year, averaged across all age groups, positively correlated with the BEmbryo Wastage^rate (Spearman coefficient = 0.988, p < 0.001). This illustrates that as the number of embryos transferred decreased the percentage of non-implanting embryos also decreased without having an impact on the pregnancy rates. This pattern has been consistent since 1995 and is further proof that only a few embryos, if any, are competent for live birth per cohort in each ART cycle [4] . In other words, the decrease in wastage rate observed is not due to an improved oocyte or embryo biology, but merely to a reduction in the mean number of embryos transferred (i.e., a smaller denominator in the equation of total live births divided by total number of embryos transferred). The percentage of transfers leading to a liveborn infant was negatively correlated with the BEmbryo Wastage^rate (Spearman coefficient = −0.867, p = 0.001) meaning that as the delivery rate increased, the 'Embryo Wastage^rate decreased.
Discussion
The summary statistics for ART procedures in the USA over the last decade confirm that the vast majority of embryos (80%) produced during IVF and chosen for transfer still fail to implant or to result in a liveborn infant. However, the BEmbryo Wastage^rates have significantly decreased over the past decade (83 to 76.5%, respectively, p < 0.001) and the explanation for this decline is a significant reduction during this time of the mean number of embryos transferred (from 2.5 in 2004 to 1.8 in 2013, p < 0.001). The fact that the vast majority of embryos do not become a live birth and that the overall, all ages combined, live birth rate per embryo transfer have remained stable at about 27% for the last 10 years is a further proof that despite progress in the development of stimulation protocols and progress in embryology laboratories, human reproduction remains inefficient whether in vivo or in vitro.
The question remains: can ART outcomes, i.e., pregnancy rates per transfer, live birth rates per transfer, and implantation rates, actually be improved? Perhaps, but several factors need to be considered. First, if not all the embryos are competent to produce a live birth, we must find an accurate and consistent method for identifying the most competent ones for transfer. Strides are being made in the field with the recent increase in the number of ART cycles utilizing preimplantation genetic screening on trophectoderm biopsy and analysis by next generation sequencing to identify chromosomally normal embryos for transfer. In the group of women older than 40 years studies with PGS on trophoblast cells have shown that a large number of embryos produced are chromosomally abnormal, thus explaining at least in part why there is such high BEmbryo Wastage^in this age group [16, 34] . However, it remains to be seen whether this technique will ultimately lead to a significant improvement in live birth rate since it is still error-prone with the risk of discarding embryos wrongly diagnosed as aneuploidy because of mosaicism [21] [22] [23] . Other barriers such as the cost, including the possible need to cryopreserve embryos and defer transfer, and invasiveness of the biopsy and any potential long term effects also need to be addressed.
Second, exclusive blastocyst transfers may be one less costly and less invasive strategy than PGS for reducing the number of embryos transferred and thereby reducing Embryo Wastage rates without significantly compromising pregnancy rates. The recent literature on blastocyst transfers supports an improved pregnancy rate as opposed to cycle day 3 transfers [35, 36] . A move of all transfers to blastocyst-stage embryos will also improve the live birth rates per transfer by removing from the denominator the cases failing to reach blastocyst stage embryos. However, theoretical risks from prolonged culture of embryos on epigenetic errors still need to be kept under scrutiny. Third, we should continue to develop non-invasive methods of embryo screening such as proteomics, metabolomics, and examination of oocyte and cumulus-cell gene expression [24] [25] [26] [27] . Time-lapse technology has recently been adopted by several IVF clinics across the USA with some studies showing promising results regarding the technology's ability to screen for healthy embryos that are most likely to implant. However, prospective studies are still needed to clarify algorithms for analyzing this data and proving, unequivocally, a significant benefit to patients [9] . Very recent randomized controlled trials have failed to show any benefit by adopting time lapse technology over morphology in improving pregnancy and delivery rates [13, 14] . Fourth, we can consider modifying our protocols of ovarian stimulation to avoid the production of too many oocytes, which, as demonstrated here and in previous studies, may not lead to more live births, but to increased BEmbryo Wastages.M inimal stimulation or natural IVF cycles have been associated with improved egg quality and reduced aneuploidy rates [37] [38] [39] . Additionally, a reduction in the amount of medication used for stimulation would reduce the risk of ovarian hyperstimulation syndrome for high responders, and possibly be a more cost-effective strategy for poor responders [40, 41] and reduce the rates of oocyte aneuploidy [42] . Fifth, more studies are needed to address endometrial receptivity in fresh transfer versus deferred frozen embryo transfer cycles [43] .
There are some limitations to this study. The data have been obtained from the SART-USA registry, reflecting embryo transfers policies and guidelines different from other countries. Even though our calculation of the overall BEmbryo Wastage^rate is the best estimation of the true rate, we could have underestimated the wastage that actually occurs. We did not take into account the wastage of fresh embryos that are not amenable for or chosen for fresh transfer and are subsequently discarded. We also did not include embryos that were cryopreserved and could be transferred at a later time; however, for the years of analysis, the overwhelming majority of ART cycles allocated the best embryos for the fresh transfer.
In summary, despite today's greatly improved laboratory conditions and the individualization of stimulation protocols, the process of IVF remains inefficient with low live birth rates per embryos produced and transferred. The analysis of the years 2004-2013 showed that (a) there has been a decrease in the mean number of the embryos transferred; (b) an increase in pregnancy rates per transfer; (c) an increase in implantation rates; (d) and a notable reduction in the BEmbryo Wastager ate, mostly due to a reduced denominator, i.e., fewer embryos transferred. These results reinforce previous observations that the majority of the oocytes harvested and the majority of embryos produced during IVF are chromosomally or genetically abnormal [44, 45] . The time has come to strengthen and support research in methods to assess embryo competence for live birth before the transfer. The recent developments of PGS by next generation sequencing (NGS) on trophectoderm biopsies and mitochondrial DNA content analysis are still in need of largescale validation with properly designed randomized controlled trials. In fact, recent reports have failed to show improvements in delivery rates due to the high rates of false positive diagnosis caused by trophectoderm mosaicism and sampling limitations. Until robust and validated methods of embryo selection are produced, the simplest strategy that could be employed immediately is performing embryo transfers only at the blastocyst stage of development and accepting the possibility that some IVF cycles may not result in a transfer. 
